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Modified-live virus (MLV) vaccines are widely used to protect pigs against porcine reproductive and res-
piratory syndrome virus (PRRSV). However, current MLV vaccines do not confer adequate levels of
heterologous protection, presumably due to the substantial genetic diversity of PRRSV isolates circulating
in the field. To overcome this genetic variation challenge, we recently generated a synthetic PRRSV strain
containing a consensus genomic sequence of PRRSV-2. We demonstrated that our synthetic PRRSV strain
confers unprecedented levels of heterologous protection. However, the synthetic PRRSV strain at passage
1 (hereafter designated CON-P1) is highly virulent and therefore, is not suitable to be used as a vaccine in
pigs. In the present study, we attenuated CON-P1 by continuously passaging the virus in MARC-145 cells,
a non-natural host cell line. Using a young pig model, we demonstrated that the synthetic virus at pas-
sages 90 and 122 (designated as CON-P90 and CON-P122, respectively) were fully attenuated, as evi-
denced by the significantly reduced viral loads in serum and tissues and the absence of lung lesion in
the infected pigs. Most importantly, CON-P90 confers similar levels of heterologous protection as its par-
ental strain CON-P1. Taken together, the results indicate that CON-P90 is an excellent candidate for the
formulation of next generation of PRRSV MLV vaccines with improved levels of heterologous protection.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction Multiple types of PRRSV vaccines (e.g. modified live virus (MLV)
Porcine reproductive and respiratory syndrome virus (PRRSV) is
one of the most important viral pathogens currently affecting
swine production worldwide. The virus infects pigs of all ages;
however, it causes more severe clinical manifestations when
infecting young pigs and pregnant sows (reviewed in [1]). Accord-
ing to the recently updated and amended taxonomy, PRRSV
belongs to genus Porartevirus, family Arteriviride, and order Nidovi-
rales [2]. There are two species of PRRSV: PRRSV-1 and PRRSV-2.
These two species share approximately 65% sequence identity
[3,4]. The genetic variation among PRRSV isolates within each spe-
cies is substantial. Phylogenetically, PRRSV-2 isolates are classified
into nine lineages, with the average genetic distances between two
lineages varying from 11 to 18% [5]. PRRSV-1 isolates are classified
into four subtypes, with the subtype 1 is further divided into 13
clades [6]. Multiple factors have been hypothesized to be the driv-
ing forces for the remarkable diversity of PRRSV [7].
vaccines, killed virus (KV) vaccines and subunit vaccines) are com-
mercially available; of these, MLV vaccines are considered the most
effective (reviewed in [8]). All PRRSV MLV vaccines currently
licensed for clinical applications are produced by successive pas-
saging of naturally occurring PRRSV strains on non-natural host
cell lines such as MARC-145 cells (Review in [9]) or on a recombi-
nant cell line stably expressing porcine CD163, a key receptor for
PRRSV infection [10,11]. One major limitation of the current MLV
vaccines is that they do not provide optimal levels of heterologous
protection against divergent PRRSV isolates circulating in the field,
presumably due to the substantial genetic variation of PRRSV
(reviewed in [8,12]).

To overcome the genetic variation challenge, we recently gener-
ated a fully synthetic PRRSV strain containing a consensus genome
sequence deduced from a set of 59 non-redundant full-genome
sequences of PRRSV-2. We demonstrated that the synthetic con-
sensus virus at passage 1 (hereafter designated CON-P1), while
highly virulent, can provide unprecedented levels of heterologous
protection to the convalescent animals [13]. In the present study,
we describe the attenuation and evaluation of the protective effi-
cacy of the attenuated PRRSV-CON.
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2. Material and methods

2.1. Cells, viruses and antibodies

MARC-145 cells, a monkey kidney cell line [14], were used for
propagation and titrations of PRRSV. The synthetic CON-P1 was
described previously [13]. PRRSV strain MN184C was kindly pro-
vided by Dr. K.S. Faaberg, from the U.S. National Animal Disease
Center.

2.2. Virus attenuation

CON-P1 was attenuated by successively passaging the virus in
MARC-145 cells. Briefly, CON-P1 virus stock was diluted in Dul-
becco’s Modified Eagle’s Medium (DMEM) to the ratio of 1:1000
and inoculated to a monolayer of MARC-145 cells plated in a T-
25 flask 48 h earlier. After 1 h of adsorption, the virus inoculum
was removed and the cell monolayer was replenished with fresh
DMEM containing 2% FBS. The cells were incubated at 37 �C in a
humidified atmosphere containing 5% CO2. Once early cytopathic
effect (CPE) was visible (approximately 48 h post-infection), cul-
ture supernatant containing virus was harvested and clarified by
centrifugation at 2000g for 10 min. The culture supernatant (desig-
nated CON-P2) was divided to 0.5 mL aliquots and stored at �80
�C. This procedure was repeated for a total of 122 times.

2.3. Multiple-step growth curve and plaque assay

Multiple-step growth curve and plaque assay were performed
in MARC-145 cells as previously described [15,16].

2.4. Genome sequencing

Complete genomic sequences of CON-P90 and CON-P122 were
determined by Next Generation Sequencing using Illumina
sequencing technologies as described previously [17].

2.5. Pig experiments

Pig experiments conducted in this study were approved by the
University of Nebraska-Lincoln (UNL) Institutional Animal Care
and Use Committee protocol number 930. All pigs used in these
experiments were PRRSV-seronegative and were accommodated
in biosecurity level 2 (BSL-2) animal research facilities. The first
experiment was to evaluate the levels of attenuation of CON-P90
and CON-P122 respectively. For this experiment, a total of 24
three-week old pigs were randomly assigned into four groups of
six pigs. After one week of acclimation, pigs in group 1 were inoc-
ulated intramuscularly with 2 mL DMEM medium to serve as a
normal control. Pigs in the remaining groups were separately inoc-
ulated intramuscularly with 105.0 TCID50 of CON-P1, CON-P90 or
CON-P122. Blood samples were collected at various time-points
post-infection (p.i.), and serum samples were extracted and stored
at �80 �C for evaluation of viremia levels and seroconversion. At
day 14 p.i., all pigs were humanely sacrificed and necropsied.
Microscopic lung lesions were examined by a board-certified
pathologist in a blind manner as described previously [18]. During
necropsy, samples of tonsil and inguinal lymph node (LN) were col-
lected for quantification of viral load in tissues.

The second experiment was to evaluate the levels of heterolo-
gous protection of CON-P90 when compared to CON-P1. For this
experiment, a total of 18 three-week-old pigs were randomly
divided into three groups of six pigs. After one week of acclimation,
pigs in group 1 were injected intramuscularly with DMEMmedium
to serve as a normal control. Pigs in group 2 and 3 were vaccinated
by intramuscular inoculation with 105.0TCID50 of CON-P1 or CON-
P90, respectively. Blood samples were collected periodically for
isolation of plasma and peripheral blood mononuclear cell (PBMC).
At day 56 post vaccination (p.v.), all pigs including control group
were challenged intramuscularly with heterologous PRRSV strain
MN184C at a dose of 105.0 TCID50 per pig. At day 14 post-
challenge (p.c.) all pigs were humanely sacrificed and necropsied.
Samples of tonsil and inguinal LN were collected for quantification
of viral loads in tissues.
2.6. Quantification of viral loads

Viral loads in serum and tissues were measured by real-time
reverse transcription PCR (RT-PCR). For the first experiment, viral
loads were measured by a commercial RT-PCR kit (Tetracore Inc.,
Rockville, MD). For the second experiment, viral loads were mea-
sured by using two different RT-PCR kits: the commercial RT-PCR
kit (Tetracore, Rockville, MD) that detects total viral RNA resulting
from primary and challenge infection, and a differential RT-PCR kit
[13] that selectively detects viral RNA from challenge infection.
Viral loads in serum were reported as log10 copies per mL whereas
viral loads in tissues were reported as log10 copy per mg of total RNA
used in the RT-PCR reaction. For statistical purposes, samples that
had no detectable levels of viral RNA were assigned a value of 0.
2.7. Measurements of immune responses

IFN-a Porcine ProcartaPlex Simplex Kit (ThermoFisher Scien-
tific) was used for quantification of the concentrations of IFN-a
in plasma samples. The serum-virus neutralization (SVN) assay
was performed as previously described [19] using plasma rather
than serum. Results were expressed as the log2 of the reciprocal
of the highest dilution that showed a �90% reduction in the num-
ber of fluorescent foci presenting in the control wells. The frequen-
cies of IFN-c secreting cells (IFN-c SCs) in peripheral blood
mononuclear cells (PBMCs) were measured by using an IFN-c Eli-
spot assay as previously described [20]. For this assay, PBMCs were
stimulated with either CON-P1 or MN184C at the dose of 0.1
TCID50 per cell.
2.8. Statistical analysis

Viremia data were analyzed by two-way analysis of variance
(ANOVA) while viral loads in tissues were analyzed by one-way
ANOVA. Tukey’s multiple comparisons test was used for compar-
ison among treatments. Lung microscopic scores were analyzed
by Kruskal-Wallis test, followed by Dunn’s multiple comparisons
test. All statistical analysis was done in GraphPad Prism 7.0
(GraphPad Software, Inc).
3. Results

3.1. In vitro growth properties of CON-P90 and CON-P122

CON-P1 was successively passaged in MARC-145 cells for a total
of 122 passages. We then characterized the in vitro growth proper-
ties of the virus at passages 90 and 120 (designated CON-P90 and
CON-P122, respectively). CON-P90 and CON-P122 replicated more
efficiently in MARC-145 cells than CON-P1 (Fig. 1A). There was no
difference in growth kinetics between CON-P90 and CON-P122.
Furthermore, plaque assay results consistently showed that
CON-P90 and CON-P122 produced larger plaques than CON-P1
(Fig. 1B). Together, the data indicate that CON-P90 and CON-
P122 were well adapted for replication in MARC-145 cells.
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Fig. 1. Growth properties in cell culture. (A) Multiple-step growth curves in MARC-
145 cells. Data are expressed as the mean of virus titer and SEM calculated from
three independent experiments. (B) Plaque morphology in MARC-145 cells.

Table 1
Mutations found in both CON-P90 and CON-P122 genomes.

Nucleotide
numbera

Nucleotide
change

Protein
affected

Amino acid
numberb

Amino acid
change

386 C? T nsp1a 65 Silent
513 G? A nsp1a 108 A ? T
848 G? T nsp1a 129 K? N
937 T? C nsp1b 249 V ? A
944 G? A nsp1b 251 M? I
2098 C? T nsp2 636 A ? V
2110 A? G nsp2 640 D ? G
2198 T? C nsp2 669 Silent
2209 T? C nsp2 673 V ? A
2633 C? T nsp2 814 Silent
2776 A? T nsp2 862 E ? V
2780 T? G nsp2 863 D ? E
2845 C? T nsp2 885 P ? L
3146 T? C nsp2 985 Silent
3460 A? G nsp2 1090 D ? G
3474 T? C nsp2 1095 F ? L
3527 G? T nsp2 1112 Silent
3742 C? T nsp2 1184 T ? I
3849 A? G nsp2 1220 K? E
3986d A? T nsp2 1265 Silent

nsp2TF 1266 Y ? F
4389d T? C nsp2 1400 S ? P

Nsp2TF 1400 Silent
5409 T? C nsp3 1740 Silent
5984 G? A nsp4 1931 Silent
6815 A? G nsp7a 2208 Silent
6902 C? T nsp7a 2237 Silent
7793 A? T nsp9 2535 T ? S
8326 G? A nsp9 2712 Silent
8951 G? T nsp9 2921 A ? S
9970 C? T nsp10 3260 Silent
10334 C? T nsp10 3382 L ? F
10648 A? G nsp10 3486 Silent
10781 A? T nsp10 3531 T ? S
10799 G? A nsp10 3537 V ?M
12045 T? C nsp12 3952 V ? A
12104d G? T GP2 10 L ? F

E 9 D ? Y
12133d T? A GP2 20 L ? H

E 18 Silent
12249d T? C GP2 59 Y ? H

E 57 V ? A
12377 T? C GP2 101 Silent
13199 T? C gp3 168 Y ? H
13373d T? C GP3 226 Silent

GP4 44 F ? S
13814d G? A GP5 9 G ? S

ORF5a 12 G ? E
13918d C? T GP5 43 Silent

ORF5a 47 Nonsensec

a Nucleotide numbers are based on PRRSV-CON genome (Genbank accession
number KT894735).

b For non-structural proteins (nsp1a – nsp12), amino acid numbers refer to the
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3.2. Sequence analysis

The full-length genomic sequences of CON-P90 and CON-P122
were determined. CON-P90 acquired a total of 42 nucleotide
mutations (Table 1). Due to the overlapping nature of PRRSV genes,
several nucleotide mutations result in amino acid changes in two
different proteins. In total, the 42 nucleotide mutations in
CON-P90 genome lead to 32 amino acid changes. The nucleotide
mutation at position 13,918 results in a premature stop codon in
ORF5a protein. Due to this nonsense mutation, ORF5a protein of
CON-P90 is four amino acids shorter than that of CON-P1. CON-
P122 contained all mutations observed in CON-P90. Furthermore,
CON-P122 acquired 13 additional nucleotide mutations, four of
which lead to amino acid changes (Table 2). For both CON-P90
and CON-P122, the mutations occurred sporadically throughout
the viral genome, except ORF6 and ORF7, where no mutations were
found.
polyprotein pp1ab sequence of PRRSV-CON. For the nsp2TF, amino acid numbers
refer to the sequence of the polyprotein pp1aTF which is expressed via a �2 ribo-
somal frameshift [31].

c This mutation results in a premature stop codon at amino acid number 47, four
amino acids upstream of the original stop codon.

d These nucleotide mutations result in amino acid changes in two different
proteins, due to the overlapping nature of the ORFs.
3.3. Evaluation of attenuation

The levels of attenuation of CON-P90 and CON-P122 were
assessed using a young pig model. As shown in Fig. 2A, pigs in
the CON-P90 and CON-P122 groups had significantly lower viremia
levels than those in the CON-P1 group. Furthermore, viremia levels
of pigs in the CON-P122 group were significantly lower than those
in the CON-P90 group, especially at early time-points after infec-
tion. All pigs were sero-negative before infection. At day 14 p.i.,
pigs in the DMEM-group remained sero-negative whereas all pigs
in the treatment groups (e.g. CON-P1, CON-P90 and CON-P122)
seroconverted (Fig. 2B). Viral loads in inguinal LN and tonsil were
not significantly different between CON-P1 and CON-P90 groups,
whereas viral loads in tissues were significantly lower in CON-
P122 group (Fig. 2C). In regard to lung pathology, pigs in the
CON-P90 or CON-P122 groups had significantly less severe lung
lesions than those in the CON-P1 group (Fig. 2D). There was no sig-
nificant difference in lung pathology scores between the CON-P90
and CON-P122 groups. Collectively, the results of this experiment
indicate that both CON-P90 and CON-P122 are fully attenuated.
3.4. Evaluation of heterologous protection

Next, we compared the protective efficacy between CON-P90
and CON-P1, using a challenge model previously used in our labo-



Table 2
Mutations found only in CON-P122.

Nucleotide
numbera

Nucleotide
change

Protein
affected

Amino acid
numberb

Amino acid
change

139 A ? G 50UTR N/A N/A
2362 C ? T nsp2 724 A ? V
3279 G ? A nsp2 1030 G ? R
5169 A ? G nsp3 1660 I ? V
9300 A ? G nsp9 3037 Q ? R
9475 C ? T nsp9 3090 Silent
10,525 C ? T nsp10 3445 Silent
10,645 T ? A nsp10 3485 Silent
10,975 C ? T nsp11 3595 Silent
11,029 A ? G nsp11 3613 Silent
12,332 T ? C GP2 86 Silent
12,629 T ? C GP2 185 Silent
13,761 C ? T GP4 173 Silent

a Nucleotide numbers are based on PRRSV-CON genome (Genbank accession
number KT894735).

b For non-structural proteins (nsp1a – nsp12), amino acid numbers refer to the
polyprotein pp1ab sequence of PRRSV-CON. For the nsp2TF, amino acid numbers
refer to the sequence of the polyprotein pp1aTF which is expressed via a �2 ribo-
somal frameshift [31].
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ratory [13]. All pigs in the DMEM group displayed high viremia
levels starting from day 1 p.c., regardless of which RT-PCR kits
were used for quantification of viral RNA (Fig. 3A). In contrast, only
a portion of pigs in the CON-P1 and CON-P90 groups carried low
levels of plasma viral RNA after challenge infection. Specifically,
when the commercial RT-PCR kit was used for quantification of vir-
emia, two pigs in the CON-P1 group and three pigs in the CON-P90
group displayed low levels of viral RNA at day 0 p.c., and these pigs
continued to show low levels of viremia after challenge infection
(Fig. 3A). When the differential RT-PCR kit was used, no pigs in
the CON-P90 group had a detectable level of plasma viral RNA
while only one pig in the CON-P1 group tested positive by this
RT-PCR kit at days 1, 4, 7 and 10 p.c. (Fig. 3A). Overall, the levels
of viremia after challenge infection were not statistically signifi-
cant difference between the CON-P1 and CON-P90 groups, regard-
less of which RT-PCR kits were used.

In regard to viral load in tissues, the commercial RT-PCR kit
detected viral RNA in inguinal LN and tonsil in all pigs but the
levels of viral RNA in the CON-P1 and CON-P90 groups were signif-
icantly lower than those in the DMEM group (Fig. 3B). When the
differential RT-PCR kit was used, only one pig in the CON-P1 group
and the CON-P90 group had detectable level of MN184C-specific
RNA in tissues whereas all pigs in the DMEM group exhibited high
levels of viral RNA (Fig. 3C). Collectively, the results demonstrated
that the attenuated CON-P90 maintains the broadly protective
phenotype of its parental strain CON-P1.
3.5. Immune responses

We previously reported that CON-P1 induces type I IFNs in cul-
tured cells [15]. In the present study, we sought to determine if this
synthetic PRRSV strain induced type I IFN response in pigs. As
shown in Fig. 4A, pigs in the DMEM group had very low levels of
plasma IFN-a, whereas those in the CON-P1 and CON-P90 groups
had high levels (in the range of 40–80 pg per mL) of IFN-a at days
2 and 4 p.v. CON-P90 group appeared to have higher levels of IFN-a
than CON-P1 group; however, the difference in IFN- a levels
between these two groups was not statistically significant (Fig. 4A).

Subsequently, we measured neutralizing antibodies (NAbs)
titers against CON-P1 and MN184C. NAbs against CON-P1were
detected in both CON-P1 and CON-P90 groups starting at day 28
p.v. and the titers continued to increase thereafter. At the day of
challenge infection (e.g. day 56 p.v.), the geometric mean titers in
CON-P1 and CON-P90 groups were 2.58 log2 and 3.32 log2, respec-
tively. No significant difference between these two groups was
observed in regard to the NAb titers measured against CON-P1
virus (Fig. 4B, left panel). Pigs vaccinated with CON-P1 and CON-
P90 mounted meager NAb titers against MN184C. At the day of
challenge infection, three pigs in CON-P90 group displayed a titer
of 2 log2 against MN184C whereas no pigs in CON-P1 group had
NAb against this PRRSV strain (Fig. 4B, right panel).

Finally, we evaluated the frequencies of IFN-c SC in PBMCs,
using CON-P1 and MN184C as the stimulating antigens. Pigs in
CON-P1 group had high frequencies of IFN-c SC specific to both
CON-P1 and MN184C at days 28 and 42 p.i, after which the fre-
quencies of IFN-c SC decreased (Fig. 4C). Pigs in CON-P90 group
had significantly lower numbers of IFN-c SC than those in CON-
P1 group. Interestingly, pigs in CON-P90 group have significantly
lower numbers of IFN-c SC specific to CON-P1 antigen than those
specific to MN184C antigen. The was only minimal anamnestic T-
cell responses after challenge infection.
4. Discussion

Two different approaches have been used to develop MLV vac-
cines against PRRSV: serial passaging of a virulent PRRSV strain in a
non-natural host cell line (Reviewed in [9]), and molecularly mod-
ifying the genome of a virulent PRRSV strain through the use of
reverse genetics [21,22]. Currently, all MLVs licensed for clinical
applications are generated following the former approach
(reviewed in [9]). Typically, it requires approximately 85–100 pas-
sages in MARC-145 cells for fully attenuation of virulent PRRSV
strains [23–25] while further passaging might result in over atten-
uation of the vaccine strains, leading to the reduction of vaccine
immunogenicity [26]. In the current study, we passaged our syn-
thetic PRRSV strain in MARC-145 cells for a total of 122 passages.
We observed that both CON-P90 and CON-P122 are fully attenu-
ated. CON-P90 and CON-P122 acquired 32 and 36 amino acid
mutations, respectively. The numbers of mutations in CON-P90
and CON-P122 genomes are in the range observed in naturally
occurring PRRSV strains when they are attenuated by passaging
in MARC-145 cells [25,27]. The mutations occur sporadically
throughout the genome of CON-P90 and CON-P122. It is not trivial
to precisely attribute which mutations are associated with the
attenuation phenotype of our synthetic PRRSV strain. We believe
that a combination of multiple mutations in various genes are
responsible for the attenuation of this synthetic virus because
our previous studies on naturally occurring PRRSV strains demon-
strated that genetic determinants of PRRSV virulence reside in both
structural and non-structural genes [28].

Both CON-P90 and CON-P122 can be used for the development
of a MLV vaccine as they are both fully attenuated. In this study,
we chose CON-P90 as a candidate for evaluation of heterologous
protection although CON-P122 might also be an excellent candi-
date. Under our experimental conditions, pigs vaccinated with
MLV vaccines followed by challenge infection with virulent PRRSV
strains do not display significant clinical signs. Thus, we primarily
use virological parameters for evaluation of protection. We
observed in our previous study that pigs recovered from an infec-
tionwith CON-P1 (virulent) were fully protected from a subsequent
infection with heterologous PRRSV strains, demonstrated by the
absence of RNA of the challenge PRRSV strains in tissue samples
of the pigs [13]. Consistent with our previous observation, in the
current study, RNA specific to MN184C, the viral strain used for
challenge infection, was not detected from five of six pigs in the



Fig. 2. Evaluation of the levels of attenuation in pigs. A total of 24 PRRSV-negative pigs, three weeks of age, were randomly assigned to four treatment groups. After one week
of acclimation, pigs were intramuscularly injected with cell culture medium (DMEM: control group) or with different PRRSV strains at the dose of 105.0 TCID50 per pig. (A)
Viremia after infection, determined by a commercial RT-PCR kit (Tetracore Inc., Rockville, MD). (B) Antibody response measured by IDEXX PRRS X3 Antibody Test (IDEXX
Laboratories, Inc., Westbrook, ME). The horizontal dotted line indicates the cutoff of the assay. (C) Viral RNA levels in inguinal lymph node (LN) and tonsil collected at day 14
p.i., determined by a commercial RT-PCR kit. (D) Microscopic lung scores evaluated at day 14 p.i. Left panel shows the lesion score, using a scale from 0 to 5, where 0 is normal
and 5 is the most severe lesion. Treatments with the same superscripts are not statistically different (P > .05). Right panel shows the representative lung microscopic lesion of
pigs each treatment group. Data presented in panels A, B &D are mean and SEM calculated from six pigs in each treatment group.
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CON-P1 group (Fig. 3). Most importantly, MN184C-specific RNA
was only detected from inguinal LN of one pig (out of six) in the
CON-P90 group (Fig. 3C). Thus, the results demonstrated that the
attenuated CON-P90 confers equivalent levels of heterologous pro-
tection against MN184C as compared to the virulent strain CON-P1.

Both NAbs and IFN-c SC are believed to be components of the
protective immunity against PRRSV [29]. In the present study, pigs
vaccinated with CON-P1 and CON-P90 did not mount significant
NAbs against MN184C, the challenge virus. In contrast, relatively
high frequencies of MN184C-specific IFN-c SC (average 50 cells
per 1 million PBMCs) were observed in both CON-P1 and CON-
P90 groups at the day of challenge infection (day 56 p.v.). Thus,
in the context of this study, IFN-c SC is more likely a correlate of
the immune protection against PRRSV infection. One interesting



A. Viremia after challenge infection

B. Total Viral RNA in inguinal LN and tonsil
Inguinal LN Tonsil

C. MN184C-specific RNA in inguinal LN and tonsil
Inguinal LN Tonsil

Total Viral RNA MN184C-specific Viral RNA

Fig. 3. Evaluation of heterologous protection. A total of 18 three-week-old PRRSV-seronegative pigs were assigned into three treatment groups. After one week of
acclimation, pigs were intramuscularly injected with cell culture medium (DMEM: control group) or with CON-P1 or CON-P90 at the dose of 105.0 TCID50 per pig. At day 56
post-vaccination (p.v.), the pigs were challenged by intramuscular inoculation with 105.0 TCID50 of a heterologous PRRSV strain MN184C. (A) Viremia post-challenge infection
(p.c.) measured by two different RT-PCR kits: a commercial RT-PCR kit (Tetracore Inc., Rockville, MD) detecting virtually all viral RNA and a differential RT-PCR kit detecting
only MN184C-specific RNA. Data are expressed as mean and SEM calculated from six pigs in each treatment group. (B) Viral RNA in inguinal lymph node (LN) and tonsil at day
14 p.c. (day 70 p.v.), quantified by a commercial RT-PCR kit. (C) Viral RNA in inguinal lymph node (LN) and tonsil at day 14 p.c. (day 70 p.v.), quantified by a differential RT-PCR
kit.

H. Sun et al. / Vaccine 36 (2018) 66–73 71
observation is that the pigs in CON-P90 group had greater numbers
of IFN-c SC specific to MN184C than numbers of the IFN-c SC
specific to CON-P1. At the present, we do not have any explana-
tions for this observation.

PRRSV can infect pigs of all ages; however, the virus causes
more prominent clinical manifestations when infecting young pigs
and pregnant sows. We demonstrated in this study that CON-P90
is attenuated and capable of conferring heterologous protection
using a young pig model. In the future, we will assess the attenu-
ation and protective efficacy of CON-P90 in pregnant sows. Addi-
tionally, we will need to evaluate the stability of CON-P90 after
multiple passages in pigs to ascertain that the virus does not revert
back to virulence.

In summary, the synthetic PRRSV-CON is successfully
attenuated after 90 passages in MARC-145 cells and that
the CON-P90 maintains the protective phenotypes of the



Fig. 4. Immune responses. (A) Concentration of IFN-a in plasma during the first week post-vaccination (p.v.). (B) Serum-virus neutralizing antibodies measured against CON-
P1 and MN184C. (C) Frequencies of IFN-c secreting cells in PBMCs measured by IFN-c ELISPOT with CON-P1 and MN184C as the simulating antigens. Date presented in this
figures are mean and SEM calculated from six pigs in each treatment group.
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parental strain. This study demonstrates the feasibility of the
application of synthetic virology [30] to vaccine research and
development.
Acknowledgements

We thank Hong-Yen Pham and Kenneth McFarland for their
laboratory assistance. This research was supported by the U.S.
National Pork Board Grant no. 15-159 (HLXV), and by Agriculture
and Food Research Initiative Competitive Grant no. 2016-67015-
24922 (HLXV) and Grant no. 2013-01035 (FAO) from the USDA
National Institute of Food and Agriculture.
References

[1] Rossow KD. Porcine reproductive and respiratory syndrome. Vet Pathol
1998;35:1–20.

[2] Adams MJ, Lefkowitz EJ, King AMQ, Harrach B, Harrison RL, Knowles NJ, et al.
Changes to taxonomy and the international code of virus classification and
nomenclature ratified by the international committee on taxonomy of viruses.
Arch Virol 2017;162:2505–38.

[3] Allende R, Lewis TL, Lu Z, Rock DL, Kutish GF, Ali A, et al. North American and
European porcine reproductive and respiratory syndrome viruses differ in non-
structural protein coding regions. J Gen Virol 1999;80(Pt 2):307–15.

[4] Nelsen CJ, Murtaugh MP, Faaberg KS. Porcine reproductive and respiratory
syndrome virus comparison: divergent evolution on two continents. J Virol
1999;73:270–80.

[5] Shi M, Lam TT, Hon CC, Murtaugh MP, Davies PR, Hui RK, et al. Phylogeny-
based evolutionary, demographical, and geographical dissection of North

http://refhub.elsevier.com/S0264-410X(17)31592-X/h0005
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0005
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0010
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0010
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0010
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0010
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0015
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0015
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0015
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0020
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0020
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0020
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0025
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0025


H. Sun et al. / Vaccine 36 (2018) 66–73 73
American type 2 porcine reproductive and respiratory syndrome viruses. J
Virol 2010;84:8700–11.

[6] Shi M, Lam TT, Hon CC, Hui RK, Faaberg KS, Wennblom T, et al. Molecular
epidemiology of PRRSV: a phylogenetic perspective. Virus Res 2010;154:7–17.

[7] Murtaugh MP, Stadejek T, Abrahante JE, Lam TT, Leung FC. The ever-expanding
diversity of porcine reproductive and respiratory syndrome virus. Virus Res
2010;154:18–30.

[8] Vu HLX, Pattnaik AK, Osorio FA. Strategies to broaden the cross-protective
efficacy of vaccines against porcine reproductive and respiratory syndrome
virus. Vet Microbiol 2017;206:29–34.

[9] Murtaugh MP, Genzow M. Immunological solutions for treatment and
prevention of porcine reproductive and respiratory syndrome (PRRS).
Vaccine 2011;29:8192–204.

[10] Calvert JG, Keith ML, Pearce DS, Lenz MC, King VL, Diamondidis YA, et al.
Vaccination against porcine reproductive and respiratory syndrome virus
(PRRSV) reduces the magnitude and duration of viremia following challenge
with a virulent heterologous field strain. Vet Microbiol 2017;205:80–3.

[11] Calvert JG, Slade DE, Shields SL, Jolie R, Mannan RM, Ankenbauer RG, et al.
CD163 expression confers susceptibility to porcine reproductive and
respiratory syndrome viruses. J Virol 2007;81:7371–9.

[12] Meng XJ. Heterogeneity of porcine reproductive and respiratory syndrome
virus: implications for current vaccine efficacy and future vaccine
development. Vet Microbiol 2000;74:309–29.

[13] Vu HL, Ma F, Laegreid WW, Pattnaik AK, Steffen D, Doster AR, et al. A synthetic
porcine reproductive and respiratory syndrome virus strain confers
unprecedented levels of heterologous protection. J Virol 2015;89:12070–83.

[14] Kim HS, Kwang J, Yoon IJ, Joo HS, Frey ML. Enhanced replication of porcine
reproductive and respiratory syndrome (PRRS) virus in a homogeneous
subpopulation of MA-104 cell line. Arch Virol 1993;133:477–83.

[15] Sun H, Pattnaik AK, Osorio FA, Vu HL. Identification of viral genes associated
with the interferon-inducing phenotype of a synthetic porcine reproductive
and respiratory syndrome virus strain. Virology 2016;499:313–21.

[16] Ansari IH, Kwon B, Osorio FA, Pattnaik AK. Influence of N-linked glycosylation
of porcine reproductive and respiratory syndrome virus GP5 on virus
infectivity, antigenicity, and ability to induce neutralizing antibodies. J Virol
2006;80:3994–4004.

[17] Workman AM, Smith TP, Osorio FA, Vu HL. Complete genome sequence of
highly virulent porcine reproductive and respiratory syndrome virus
variants that recently emerged in the United States. Genome
Announcements 2016;4.

[18] Halbur PG, Paul PS, Frey ML, Landgraf J, Eernisse K, Meng XJ, et al. Comparison
of the pathogenicity of two US porcine reproductive and respiratory syndrome
virus isolates with that of the lelystad virus. Vet Pathol 1995;32:648–60.
[19] WuWH, Fang Y, Farwell R, Steffen-Bien M, Rowland RR, Christopher-Hennings
J, et al. A 10-kDa structural protein of porcine reproductive and respiratory
syndrome virus encoded by ORF2b. Virology 2001;287:183–91.

[20] Correas I, Osorio FA, Steffen D, Pattnaik AK, Vu HL. Cross reactivity of immune
responses to porcine reproductive and respiratory syndrome virus infection.
Vaccine 2017;35:782–8.

[21] Ni YY, Opriessnig T, Zhou L, Cao D, Huang YW, Halbur PG, et al. Attenuation of
porcine reproductive and respiratory syndrome virus by molecular breeding of
virus envelope genes from genetically divergent strains. J Virol
2013;87:304–13.

[22] Ni YY, Zhao Z, Opriessnig T, Subramaniam S, Zhou L, Cao D, et al. Computer-
aided codon-pairs deoptimization of the major envelope GP5 gene attenuates
porcine reproductive and respiratory syndrome virus. Virology 2014;450–
451:132–9.

[23] Lu W, Sun B, Mo J, Zeng X, Zhang G, Wang L, et al. Attenuation and
immunogenicity of a live high pathogenic PRRSV vaccine candidate with a 32-
amino acid deletion in the nsp2 protein. J Immunol Res 2014;2014:810523.

[24] Leng X, Li Z, Xia M, He Y, Wu H. Evaluation of the efficacy of an attenuated live
vaccine against highly pathogenic porcine reproductive and respiratory
syndrome virus in young pigs. Clin Vaccine Immunol: CVI 2012;19:1199–206.

[25] Lee SC, Choi HW, Nam E, Noh YH, Lee S, Lee YJ, et al. Pathogenicity and genetic
characteristics associated with cell adaptation of a virulent porcine
reproductive and respiratory syndrome virus nsp2 DEL strain CA-2. Vet
Microbiol 2016;186:174–88.

[26] Yu X, Chen N, Deng X, Cao Z, Han W, Hu D, et al. Genomic sequencing reveals
mutations potentially related to the overattenuation of a highly pathogenic
porcine reproductive and respiratory syndrome virus. Clin Vaccine Immunol:
CVI 2013;20:613–9.

[27] An TQ, Tian ZJ, Zhou YJ, Xiao Y, Peng JM, Chen J, et al. Comparative genomic
analysis of five pairs of virulent parental/attenuated vaccine strains of PRRSV.
Vet Microbiol 2011;149:104–12.

[28] Kwon B, Ansari IH, Pattnaik AK, Osorio FA. Identification of virulence
determinants of porcine reproductive and respiratory syndrome virus
through construction of chimeric clones. Virology 2008;380:371–8.

[29] Loving CL, Osorio FA, Murtaugh MP, Zuckermann FA. Innate and adaptive
immunity against porcine reproductive and respiratory syndrome virus. Vet
Immunol Immunopathol 2015;167:1–14.

[30] Guenther CM, Kuypers BE, Lam MT, Robinson TM, Zhao J, Suh J. Synthetic
virology: engineering viruses for gene delivery. Wiley Interdisciplinary Rev
Nanomed Nanobiotechnol 2014;6:548–58.

[31] Fang Y, Treffers EE, Li Y, Tas A, Sun Z, van der Meer Y, et al. Efficient-2
frameshifting by mammalian ribosomes to synthesize an additional arterivirus
protein. Proc Natl Acad Sci United States Am 2012;109:E2920–8.

http://refhub.elsevier.com/S0264-410X(17)31592-X/h0025
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0025
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0030
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0030
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0035
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0035
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0035
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0040
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0040
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0040
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0045
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0045
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0045
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0050
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0050
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0050
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0050
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0055
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0055
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0055
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0060
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0060
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0060
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0065
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0065
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0065
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0070
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0070
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0070
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0075
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0075
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0075
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0080
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0080
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0080
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0080
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0085
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0085
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0085
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0085
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0090
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0090
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0090
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0095
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0095
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0095
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0100
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0100
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0100
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0105
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0105
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0105
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0105
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0110
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0110
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0110
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0110
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0115
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0115
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0115
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0120
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0120
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0120
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0125
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0125
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0125
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0125
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0130
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0130
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0130
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0130
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0135
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0135
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0135
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0140
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0140
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0140
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0145
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0145
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0145
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0150
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0150
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0150
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0155
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0155
http://refhub.elsevier.com/S0264-410X(17)31592-X/h0155

	Development of a broadly protective modified-live virus vaccine candidate against porcine reproductive and respiratory syndrome virus
	1 Introduction
	2 Material and methods
	2.1 Cells, viruses and antibodies
	2.2 Virus attenuation
	2.3 Multiple-step growth curve and plaque assay
	2.4 Genome sequencing
	2.5 Pig experiments
	2.6 Quantification of viral loads
	2.7 Measurements of immune responses
	2.8 Statistical analysis

	3 Results
	3.1 In vitro growth properties of CON-P90 and CON-P122
	3.2 Sequence analysis
	3.3 Evaluation of attenuation
	3.4 Evaluation of heterologous protection
	3.5 Immune responses

	4 Discussion
	Acknowledgements
	References


